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The analysis of equilibrium binding isotherms obtained by methods such as the
nitrocellulose filter binding assay, which measure the fraction. 8, of DNA to which
at least one protein molecule is bound, as a function of the free protein
concentration (Lg) require a different type of theoretical framework from that
required for analysis of conventional equilibrium binding data, in which the
number of moles of protein bound per mole of DNA, 8. is measured as a function of
Lg. The theoretical framework required to analyse equilibrium binding data
generated by measuring 8(Lg) is developed for co-operative and non-co-operative
binding of a protein to a large number of non-specific sites and to a specific sites(s)
in the presence of a large number of non-specific sites on a DNA molecule. The
theory is simple to apply. equations for 8(Lg ) being easy to derive and evaluate, and
is suitable for least-squares analysis. Two examples of the application of the theory
to the analysis of experimental data are provided for the specific and non-specific
binding of the EcoRI restriction endonuclease to bacteriophage A DNA, and for the
specific and non-specific binding of the enzyme dihydrofolate reductase from
Lactobacillus casei to pPBR322 and pWDLcB1 DNA, the latter differing from the
former only in a 29 x 10* base-pair insert containing the L. casei dihydrofolate
reductase structural gene. The theoretical and experimental advantages and
disadvantages of measuring §(Lg) rather than 6.(Lg) are discussed.

1. Introduction

DX A-protein interactions play a central role in the regulation of gene expression.
Thus, an understanding of the mechanisms involved in gene regulation will require
447
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a detailed knowledge of the equilibrium. kinetic and structural aspects of the
interactions of DNA with DNA-binding proteins. As a prelude to detailed
molecular investigations of a particular DNA-protein interaction. it is usual to
examine the equilibrium aspects of this interaction. In general. protein—-DNA
interactions may be classified as “‘specific” and ‘“‘non-specific’” (von Hippel &
McGhee, 1972). based on the difference in affinity of the protein for one or a few
sites on a DNA molecule relative to the affinity of the protein for any site on the
DNA. A number of proteins, such as histones. basie polypeptides and all melting
proteins, bind only non-specifically and show little or no base sequence preference.
However. there also exists a group of proteins such as the lac and A repressors. ¢ro
protein and most of the restriction endonucleases which. in addition to binding
non-specifically to DNA. show varving degrees of affinity for particular base
sequences.

In the case where only non-specific binding has been examined. most studies
reported in the literature have involved measuring the number of moles of protein
bound per mole of DNA. 6. as a function of the free protein concentration. This is
the standard approach for studying the equilibrium binding of a ligand to a
macromolecule (Cantor & Schimmel. 1980). However, in the case of DNA-protein
interactions. this approach is complicated by the problem of overlapping sites on
the DNA (that is to say, the protein covers more than 1 base-pair on the DNA).
Nevertheless, appropriate theoretical frameworks have been developed to deal with
the co-operative and non-co-operative binding of a ligand (e.g. a protein) to a
homogeneous one-dimensional lattice (McGhee & von Hippel. 1974: Schellman.
1974: Schwarz. 1977 Epstein. 1978). These approaches can be extended with
relative ease in the non-co-operative case to the introduction of certain limited
degrees of heterogeneity, such as the existence of one or a few specific sites.
However. in the presence of co-operativity. the equations become extremely
involved, and analysis soon becomes intractable.

In contrast to the studies of non-speeific binding. most studies on the binding of
proteins to specific sites on DNA have involved measuring the fraction. §. of DNA
to which at least one protein molecule is bound as a function of the free protein
concentration. The main experimental method that has been used is the
nitrocellulose filter binding assay in which DNA. to which at least one protein
molecule is bound. is retained by the filter whereas free DNA passes through it
(Riggs et al.. 1970: Hinkle & Chamberlin. 1972). Another method that has been
developed recently is the immunoprecipitation assay (McKay, 1981) in which DNA.
to which at least one protein molecule is bound. is separated from free DNA by
immunoprecipitation with an antibody raised against the protein. Both methods
involve labelling the DN A radioactively. A consequence of measuring 6 instead of
fc as a function of the free protein concentration (Lg) is that the standard equations
in the literature for 8c(Lg) (McGhee & von Hippel. 1974: Poland, 1978: Cantor &
Schimmel, 1980) are inappropriate for the analysis of the equilibrium binding
isotherms generated by measuring 6(Lg). except in the special case where there
exists only a single site on the DNA molecule to which the protein can bind or where
such an approximation is valid (as. for example, in the case of the lac repressor
binding to lac operator: Riggs et al.. 1970). Although some attempts to deal with
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this problem have been made (Hinkle & Chamberlin, 1972 Giacomini, 1976,1979:
Bailey. 1979 ; Strauss et al., 1980), these have been incomplete as they are only valid
in the absence of co-operative binding and in the absence of any significant
heterogeneity. such as a single specific site of high affinity in the presence of a large
number of non-specific sites. Consequently, the use of such treatments is
inappropriate for the analysis of the vast majority of experimental equilibrium
filter binding data. a point that many experimental workers seem to be unaware of.

In this paper. we develop the general theoretical framework required for the
direct analysis of equilibrium binding isotherms generated by measuring 6(Lg) for
the co-operative and non-co-operative binding of a protein to a large number of
non-specific sites and to a specific site(s) in the presence of a large number of non-
specific sites on the DNA. In all cases, the equations for §(Ly) are easy to derive and
evaluate. and are suitable for least-squares analysis of experimental data. The
application of the theory is illustrated by two examples of the analysis of
experimental equilibrium filter binding data: the first for the specific and non-
specific binding of the EcoRI restriction endonuclease to bacteriophage A DNA_ and
the second for the specific and non-specific binding of the enzyme dihydrofolate
reductase from Lactobacillus caser to pBR322 and pWDLcB1 DNA. the latter
differing from the former only in a 2:9kbt insert containing the L. case
dihydrofolate reductase structural gene.

2. Theory of Equilibrium Filter Binding

As applied to DN A-protein interactions, the experimental parameter monitored
by the nitrocellulose filter binding assay and the immunoprecipitation assay is the
fraction. #. of DNA to which at least one protein molecule is bound, defined by :

f = [DNAbound]/[DN‘AlotalJ
= (Z—-1)/Z. (1

where Z is the binding polynomial as defined by Wyman (1967): i.e. the sum over
all the states of DNA binding to protein. The expression for 8 (eqn (1)) contrasts to
the expression for the number of moles of protein bound per mole of DNA, 6.
which is the parameter conventionally measured in equilibrium binding studies
using other physico-chemical techniques. and given by:

9C = I Lbound J/[I)NAmtal]

_ [Lfree| 6Z — aan 2)
- Z O[Lfree] - ¢ln [LfreeJl (

where the ligand L is the protein.

In the following sections, expressions for the binding polynomial Z, derived on
the basis of the standard probability theory, are given for those cases of greatest
general interest in the field of protein-DNA interactions: namely, co-operative and

+ Abbreviations used: kb. 10° bases or base-pairs where appropriate;: DHFRase. dihydrofolate
reductase.
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non-eo-operative equilibrium binding of a protein to a large number of non-specific
sites, and to a specific site(s) in the presence of a large number of non-specific sites.

(a) Non-specific binding of a protein to DN A

If there are N independent non-overlapping protein binding sites of equal
intrinsic affinity on the DNA. Z will be given by:

NN - )

where L is the free protein coneentration. K the intrinsic association constant for
the binding of the protein to one site on the DNA, and <‘> is the binomial
i
coefficient given by N!/[(N —14)!i!]. Thus. 8 will be given by :

0= [(1+KL:) —11/(1+KLg)". (4)

This expression for 8 is not a rectangular hyperbola, in contrast to the
corresponding expression for 8-, which from equations (2) and (3) is simply given
by:

Oc = NKLg/(1 + KLg). 5)

The difference between the behaviour of § and 8:/N as a function of free ligand
concentration is illustrated in Figure 1. The curves for 6-/N are rectangular
hyperbolas and, on a logarithmic scale for Lg, exhibit the characteristic symmetry
centred about the point 8./N = 0-5. The concentration of free ligand L 54, for which
6c/N = 05, is independent of N and, from equation (5}, is given by 1/K. The curves
for 8. on the other hand, are clearly asymmetric about the point § = 0-5. and the
value of Ls, is dependent upon N which. from equation (4), is given by:

Lso = ("/2=1)/K. (6)

In the case of non-specific binding of a protein to DNA, however, the binding site
for the protein on the DNA will occupy ! base-pairs, and each base-pair can act as
the start of a binding site (McGhee & von Hippel. 1974). Thus, initially when no
protein molecule is bound there are (N —1[+ 1) binding sites available, where N is
the total number of base-pairs. However. the maximum number of protein
molecules that can bind to DNA is not (¥ —=/+1) but N/I. Thus, Z is actually given

by:
PN IFIEN — g+ 1 i -
Z=1+ 2 {[l|—— )KLy (7)

i=1 \j=1 J

Equation (7) neglects the further complication that the average number of binding
sites available to bind say ¢ = m protein molecules will be slightly less than
(N —ml+1), as there will exist states where the number of binding sites available to
m protein molecules is less than (N —mi+1) if two or more protein molecules are
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Fic. 1. lustration of the difference in behaviour of 8 (given by eqn (4)) and 8./N (given by eqn (5)) as
a function of the free ligand concentration (Lg) for the case of N independent non-overlapping sites of
equal intrinsic affinity.

In (a) curves for 8 are calculated for K =500~ ! and N = 2, 10, 100 and 1000: these are shown as
continuous lines and are labelled 8, 8, 8,40 and 6,4,. respeetively. Curves for /N are also shown in
(a)for K = 500 M™%, 1207 m~ ' and 7-21 x 10° m ! ; these are represented as broken lines and are labelled
(i), (ii) and (iii), respectively. The curves for 6./N are rectangular hyperbolas and exhibit the
characteristic symmetry centred about the point /N = 0-5. The curves for 6, on the other hand, are
clearly not rectangular hyperbolas, and are asymmetric about the point 8 = 0-5. This is clearly
illustrated in (b), where the curve for /N calculated for K = 721 x 10° M~ ! is subtracted from the
curve for § calculated for K = 500 M~ ! and N = 1000 (for these 2 curves the ligand concentration at
which 8 = 8./N = 05 is identical and has a value of 1387 x 107 m).
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separated by a distance of less than [ base-pairs (McGhee & von Hippel. 1974
Schellman. 1974 : Schwarz. 1977 : Epstein, 1978).

However, if ¥V > 1000 and .V » I, which will usually be the case experimentally.
the expression for Z given by equation (3) in the case of non-overlapping sites and

ol

equation (7) in the case of overlapping sites both simplify to:

=5 NTKUL
Z=1+ 3 ——

i=1 L

(8)

when truncated to degree 5 and making appropriate simplification for large values
of N (N > 1000). which is sufficiently accurate for the analysis of equilibrium filter
binding datat (note N is taken as the total number of base-pairs per DNA
molecule).

It is clear that the affinity of the non-specific sites for a protein is unlikely to be
homogeneous: rather it will be heterogeneous with a range of affinities. However,
providing the range of affinities lies in the range

N
K, < 2 K;10.
J#
Z will still be given by equation (8). taking K as the average association constant
for the binding of a protein to any non-specific site, and the shape of the
equilibrium filter binding curve will be identical to one where the affinity of the
non-specific sites for a protein is homogeneous.

Non-specific binding of a protein to DNA is frequently co-operative. To account
for co-operativity. we define a co-operativity parameter « for interaction between
adjacent sites in terms of a local co-operativity parameter 8 operating over a
distance of m base-pairs from the occupied site such that:

=m(B—-1. 9)
Z. truncated to degree 5, is then given by:
j=5 o
(U 12—+ NI)K'NL'F
Z=1+4+ 3 =L - 4 (10)

i=1 7!

The factor 2(j — 1) multiplying » in equation (10) arises because each occupied site
has two sets of adjacent sites, one set on either side. If binding is non-co-operative,
« = 0 and B = 1:if binding is positively co-operative, a > 0 and B > 1: if binding is
negatively co-operative, —j < a < 0 and 0 < 8 < 1. From equation (10) it is clear
that the effect of co-operativity on the shape of the equilibrium filter binding curve
will become apparent only when 2« > N/10. This is illustrated in Figure 2.

1 The corresponding polynomial for 8(Lg) is finite and convergent. By numerical computation, we find
that the ratio r(Lg) = 0,,(Lg)/8y+i (L), where m and m + i are the number of terms of the polynomial for
Z included in the computation of 8(Lg), lies in the range 1-01 > r > 0-99 for all values of Ly when m > 5.
showing that truncation of the polvnomial for Z to degree 5 is sufficiently accurate for the analysis of
equilibrium filter binding data.
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Fii. 2. The effect of co-operativity on the shape of § as a function of the free ligand concentration (L)
for the case of N non-specific sites of equal intrinsic affinity.

The curves for 8(L) are calculated using eqns (1) and (10). In (a) the effect on (L) of different values
of the co-operativity parameter « at constant values of K and N are shown for K = 500 m~ ', N = 1000,
and a = 0. 10 (curve a), 63-1 (curve b), 158 (curve c). 398 (curve d), 10> (curve e), 251 x 103 (curve f).
631 x 10 (curve g). 158 x 10* (curve h). 3-98 x 10* (curve i), and 10° (curve j). In (b) the effect on §(L)
of different values of N at constant values of K and « are shown for K = 500 M~ !, « = 10*, and ¥ = 10°
(curve a). 2:51 x 103 (carve b), 6:31 x 103 (curve ¢). 1-58 x 10* (curve d), 3-98 x 10* (curve e), 10 (curve f)
and 2-51 x 10° (curve g). In (a) a curve for 8c/N calculated using eqn (5) for K = 10° m~! is shown for
comparison (broken line). Looking at the curves for (L ). it is clear that the effect of o on the shape of
8(Lg) becomes apparent only when 2x > N/10.

(b) Specific bindihg in the presence of non-specific binding

When there exists on a piece of DNA one specific site and N potential non-
specific sites. Z truncated to degree 5 is given by:

il

i

j=5 KS A |
i=5 _H IQU—])1+"V]>(*7+KN>K}(’L’F
Z=1+ =1 .

(1)

1t

i
where Kjg is the association constant for specific binding, Ky the association
constant for non-specific binding, and x the co-operativity parameter that applies

to interactions between all adjacent sites. including the specific site. If. however,
the interactions between adjacent non-specific sites are described by a co-
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operativity parameter «,. and that between the specific site and its adjacent non-
specific sites by a co-operativity parameter, a,. Z truncated to degree 5, will be
given by:

j=5
i=5 ‘H (207 + N +2(j—2)x, l)KsKNilef‘
Z=1+KslLg+ =2 —

g

, !
j=35

J
5 ( [2(~ Dy +N]>KNiL"F
! - — (12)

" 7!

H

+

i

1]

AN

From equation (12) one can deduce that the effect of having a; # ~, will become
manifest only if a;, < a,/2 or a, > 24,.

For the special case where a = 0 and all the sites are non-overlapping, Z will be
given exactly by the closed form expression:

Z = (1+KsLg)(1 + KyLg)'. (13)

Equation (13) can also be used if the sites are overlapping and binding is non-co-
operative, providing N is large (V > 1000) and N > [ (N is still taken as the total
number of base-pairs per DNA molecule). From equations (1) and (13) a simple
expression for Kg, which is useful in a preliminary assessment of equilibrium filter
binding data, may be obtained in terms of Ky and Lsq (the concentration of Lg at
6 = 05):

2 1
Ke=|—————1 - 14
* [(1+KNL50)‘\ i|[450 )

For the special cases where K¢ > NKy for equation (13). Kg> NKy. «Ky for
equation (11) and Kg» NKy. oKy, « Ky for equation (12), Z simplifies to
(14 Kg¢Lg), and the corresponding equation for 8 to a rectangular hyperbola: an
example of this would be the binding of lac repressor to the lac operator as judged
from the data of Riggs et al. (1970).

The effect of the introduction of a specific site in the presence of a large number
of non-specific sites on equilibrium filter binding curves is shown in Figure 3 for the
non-co-operative case (x = 0). For Kg< NKy/10. the equilibrium filter binding
curves are unaffected by the presence of the specific site and the curves will be
identical to one with Kg = 0. For Kq> NKy/10. the equilibrium filter binding
curves become progressively less steep as Ky increases. When Kg > 100 NKy, the
equilibrium filter binding curves are described by a rectangular hyperbola.

The extension of the theory to encompass more than a single specific site is easily
achieved. For example, if we consider the non-co-operative case with a =0 in a
system with two specific sites with association constants Ky, and Kg,, and N non-
specific sites with an association constant Ky, Z will be given exactly in the case of
non-overlapping sites by:

Z=(]+KSIIJF)(]+KSZIJF)(]+KNIJF)N' (]5)
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F1i. 3. The effect of a single specific site in the presence of N independent non-specific sites of equal
intrinsie affinity on the shape of 8 as a function of the free ligand coneentration L for the case of non-co-
operative binding.

The carves for 8(L¢) are calculated using eqns (1) and (11) for Ky =500 M, N = 1000, a = 0 and
Ke=0m"' 10* m7!, 251x10*m~! (curvea), 631 x10*M~! (curveb). 1-58x10° M~ ' (curve ¢).
398x10°m~! (curved). 10°m~' (curvee). 251x10°m~' (curvef). 631x10°m~' (curveg).
158 x 107 m~! (curve h). and 398x107 M~ ! (curve i). A rectangular hyperbola calculated from
6 = KsLp/(1+ KgLy) for Kg = 398 x 107 M~ ! is also shown for comparison (@). Looking at the curves for
8(Lg). it is clear that the effect on the introduction of a specific site on the shape of §(Lg) becomes
apparent only when Kg > NKn/10; when K¢ > NKy, 8(Lg) is described by a rectangular hyperbola (see
curve i (@)).

3. Applications of the Theory of Equilibrium Filter Binding
to Experimental Data

[n this section we provide two examples of the analysis of experimental
equilibrium filter binding data based upon the theoretical framework developed in
the previous section, and discuss the implications of the additional insight thus
obtained on these systems.

(a) Specific and non-specific binding of the EcoRI restriction endonuclease to
bacteriophage A DN A

Halford & Johnson (1980) examined the binding of the EeoRI restriction
endonuciease to three derivatives of bacteriophage A using the nitrocellulose filter
binding assay. The three derivatives of bacteriophage A were: A395(0) (length
41 kb), from which all EcoRI recognition sites have been removed: M01(2) (length
46 kb). which possesses only sr12 out of the five EcoRI recognition sites on wild-
type A DNA: and A416(5) (length 41 kb), which carries only sr1 5 (Davidson &
Szybalski. 1971: Murray & Murray. 1974). The equilibrium filter binding curves
obtaining for the binding of EcoRI to A401(2) and A416(5) DNA were approximately
hyperbolic. However, the curve for the binding of EcoRI to A395(0) DNA exhibited
a sigmoidal character and could be fitted to a second-order Adair equation, from
which Halford & Johnson (1980) deduced that, whereas only one molecule of £coR1
binds to each specific site, two molecules of EcoRI bind to each non-specific site.
This postulated mechanism of non-specific binding of EcoRI to DNA is not
required to account for the data, however. and the marked deviation from
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hyperbolic behaviour for the binding of EcoRI to A395(0) DNA as monitored by the
nitrocellulose filter binding assay is simply due to the fact that the form of the
equilibrium filter binding curve for non-specific binding is given by equations (1)
and (10). Moreover, a second-order Adair equation is an equation for 8c(Lg)
(defined by eqn (2)) in a two-site system. and not for 8(Lg) (defined by eqn (1)) in an
N overlapping site system. Therefore, the use of a second-order Adair equation in
fitting equilibrium filter binding data where the measured quantity is #(Lg) is
totally inappropriate, and the parameters obtained have no physical meaning.

In Figure 4, the data of Halford & Johnson (1980) are fitted simultaneously by
non-linear optimization using equations (1) and (10) for the binding of EcoRI to
A395(0) DNA. and equations (1) and (11) for the binding of KcoRI1 to A401(2) and
M16(5) DNA. Two caleulations were performed: in both cases, the association
constant Ky for non-specific binding of EcoR1I to A395(0), A401(2) and A416(5) DNA.
the association Kg; for specific binding of EcoRI to A401(2) DNA. and the
association constant Kg, for specific binding of EcoRl to A416(5) DNA were
optimized: in one case, the co-operativity parameter x was optimized, and in the
other case. x was set to zero and binding assumed to be non-co-operative. In both
cases, the overall standard deviation of the fit is 3-59%, and the distribution of
residuals is random. The values and standard deviations of the optimized
parameters for both cases are given in Table 1. With the exception of the co-
operativity parameter a, the parameters are well-determined with relative errors of
less than 159 : x, however. is determined only to within a factor of about 2.
Moreover, the values obtained for Ky. Kg; and Kg, when x is optimized are
identical within the errors specified to those obtained when a = 0. We therefore

g 05

o]
o~! 1010 1079 1078 077
[EcoRI] (M)

F1G. 4. Comparison of the experimental equilibrium nitrocellulose filter binding curves of Halford &
Johnson (1980) for the binding of the EcoRI restriction endonuclease to A395(0) (l). A401(2) (A) and
A16(5) (@) DNA with the theoretical equilibrium filter binding curves calculated using eqns (1). (10)
and (11) with the best fit parameter values given in Table 1.

The theoretical curves for non-co-operative binding (i.e. x = 0) are shown as continuous lines and for
co-operative binding as broken lines. Eqns (1) and (10) were used for the binding of EcoRI to A395(0)
DNA, which contains no specific recognition site, and eqns (1) and (11) for the binding of EcoRI to
2401(2) and 2416(5) DNA, which contain a single specific site. each in the presence of a large number of
non-specific sites. All the experimental data were fitted simultaneously by non-linear optimization. A
rectangular hyperbola given by 8c = KLg/(1+ KLg) for K = 398 x 10® m~? is shown for comparison
(dotted line).
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TasLE 1

Equilibrium building parameters for the specific and non-specific interactions
of the EcoRI restriction endonuclease with DNA

Optimized value (+s.D.)

Parameter Co-operative binding Non-co-operative binding
Knm™Y) 629 x 10° (£0-5 x 10%) 694 x 10% (+0-3 x 10?)
Kg(x™h) 1-07 x 10° (£ 01 x 10°%) 111 x 10° (£0-1 x 10%)
Ko (1) 561 x 108 (£ 07 x 10%) 553 % 108 (+07 x 10%)
N 669 x 10° (£5 x 10%) 0

Overall 5.0

; 36 35

fit (7, 6

i+ 074 48

Optimized values and standard deviations (s.D.) of the association constant Ky for non-specific
binding of KcoRI to A395(0) (41 kb), A401(2) (46 kb) and A416(5) (41 kb) DNA. the association constant
Ks, for specific binding of EcoRI to A401(2) DNA. the association constant Kg, for specific binding of
FcoRI to A416(5) DNA. and the co-operativity parameter «, obtained by fitting all the experimental
equilibrium filter binding data in Fig. 4 simultaneously using equations (1), (10) and (11). The overali
s.D. values of the fits and the mean absolute correlation indices C are also given.

+ The mean absolute correlation index (7 is given by:

/.

m m 3

2 Ry /( 2 Rij)

i=1 1 \j=1
where j identifies the independent variable (i.e. Lg) point and i the data curve, R;; are the residuals, and
n the number of curves. For ¢ < 1-0, the distribution of residuals is random: for ¢ » 10, there are
systematic errors between observed and calculated curves (Clore & Chance. 1978a b).

2

i=1

conclude that the data are inadequate to determine whether binding of EcoRI to
DNA is co-operative or not. This will require obtaining data for the binding of
EcoRI to DNA of lengths at least five to ten times shorter than that of A395(0)
DNA. Tt should also be noted that the equilibrium filter binding curves for the
binding of EcoRI to A401(2) and A416(5) DNA deviate slightly from rectangular
hyperbolas for # > 0-5. Consequently, an estimate of the association constant Kj;
for specific binding obtained by taking Kg; ~ 1/Ls, will be slightly larger than the
true value of Kg;. The values of K, and K, obtained in this manner by Halford &
Johnson (1980) are 16 x 10° M~ and 9-1 x 108 M~ !, respectively. compared to the
correct values of ' x10°+0-1x10° M~ ! and 56x 108407 x 108 w~! given in
Table 1. Nevertheless, these small differences do not affect the general conclusions
of Halford & Johnson (1980) regarding specific binding of EcoRI to DNA.

(b) Specific and non-specific binding of L. casei dikydrofolate reductase to pWDILeBI
and pBR322 DN A

[t has been demonstrated recently that L casei dihydrofolate reductase has
affinity for double-stranded DNA (Gronenborn & Davies, 1981). Gronenborn ef al.
(1981) examined the binding of DHFRase alone and in its binary and ternary
complexes with folinic acid and NADPH to pBR322 DNA (length 4-36 kb:
Sutcliffe. 1978) and pWDLcB1 DNA (length 7-26 kb). the latter differing from the
former only in a 2:9 kb insert containing the DHFRase structural gene from a
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methotrexate-resistant L. casei strain (Davies & Gronenborn. 1982). and found that
the equilibrium binding curves obtained could be grouped into three sets (see Fig. 5).

(1) Those curves obtained for the binding of DHFRase alone or in the presence
of folinic acid and/or NADPH (either as binary or ternary complexes) to pBR322
DNA that have a value of Lso = 1-8x1077 M.

(2) Those curves obtained for the binding of DHFRase alone and the DHFRase—
NADPH binary complex to pWDLeBl DNA that have a value of
Lso=8x10"8u.

(3) Those curves obtained for the binding of DHFRase—folinic acid and the
DHFRase—folinic acid-NADPH complexes to pWDLcB1 DNA that have a value
of Ligg=12x10"7 m.

Gronenborn et al. (1981) interpreted their data in a qualitative manner as
follows: on the assumption that the binding of DHFRase alone and in its
complexes with folinic acid and NADPH to pBR322 DNA only reflect non-specific
binding, the observation that the corresponding filter binding curves are identical
within experimental error, indicates that the affinity of the non-specific sites for
DHFRase is unaffected by either folinic acid or NADPH: thus, the observations
that the affinity of pWDLcBl DNA for DHFRase alone and the DHFRase-
NADPH complex is significantly greater than that for the complexes with folinic
acid suggests that (1) DHFRase in the presence or absence of NADPH binds to a
specific site on pWDLeB1 DNA at or near the DHFRase structural gene, and that
(2) the affinity of the specific site for DHFRase is significantly reduced in the
presence of folinic acid. Gronenborn ef al. {1981) also suggested that the difference
between the filter binding curves for the binding of the complexes of DHFRase
with folinic acid to pWDLeB1 DNA and those for the binding of DHFRase alone
and in its complexes with folinic acid and/or NADPH to pBR322 DNA could
probably be accounted for by the slightly greater length of pWDLcBlI DNA
relative to that of pBR322 DNA.

A preliminary assessment of the above hypothesis may be made by calculating
the value of the apparent association constant K, for the binding of DHFRase to
DX A from the values of L5, assuming non-co-operative binding using equation (6).
The first set of curves for the binding of DHFRase and the DHFRase-NADPH,
DHFRasefolinic acid. and DHFRase—folinic acid-NADPH complexes to pBR322
DNA yields a value of K, of 880 m~!: the second set of curves for the binding of
DHFRase and the DHFRase-NADPH complex to pWDLcBl DNA vields a value
of K,pp of 1200 M~ : and the third set of curves for the binding of the DHFRase--
folinic acid and DHFRase—folinic acid~NADPH complexes to pWDLcB1 DNA
yields a value of K, of 800 M~ '. Clearly. the value of K, for the first and third
sets of equilibrium filter binding curves are identical within experimental error.
Thus. the difference between the first and third set of equilibrium filter binding
curves can be accounted for purely on the basis of the different lengths of pBR322
and pWDLc¢BI DNA. The value of K. however, for the second set of equilibrium
filter binding curves is significantly different from that for the other two sets. This
difference can be accounted for only by the presence of a site(s) of significantly
higher affinity than that of the other non-specific sites. If we assume that only a
single specific site of higher affinity is involved as proposed above. an estimate of
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F16. 5. Comparison of the experimental equilibrium filter binding curves determined by Gronenborn et
al. (1981) for the binding of L. caset DHFRase to DNA from plasmids pBR322 and pWDLcBL, the latter
differing from the former in a 28 kb insert containing the DHFRase structural gene from a
methotrexate-resistant L. easei strain, with the theoretical equilibrium filter binding curves calculated
using eqns (1). (10) and (11) with the best fit parameter values given in Table 1.

The experimental curves are shown as: curve i, binding of DHFRase alone (@) and the DHFRase—
NADPH (0O). DHFRage—folinic acid (A) and DHFRase—folinic acid-NADPH (@) complexes to
pBR322 DNA; curve ii, binding of DHFRase alone (O) and the DHFRase—-NADPH complex (W) to
pWDLcB1 DNA; curve iii, binding of the DHFRase—folinic acid (A ) and the DHFRase—folinic acid—
NADPH (<) complexes to pWDLeBl DNA. The symbols are the means of the actual data points
obtained from 3 separate experiments. The best fit theoretical curves obtained by fitting all the
experimental data simultaneously using eqns (1), (10) and (11) with co-operative binding are shown in
(a) as continuous lines and with non-co-operative binding (i.e. « = 0) in (b) as broken lines. The values of
the parameters used to calculate the best fit theoretical curves are given in Table 2. The best fit
theoretical curves (curvesi and iii) are calculated for non-specific binding of DHFRase to 4-36 and
7-26 kb lengths of DN A, respectively ; curve ii is calculated for specific binding to a single site and non-
specific binding of DHFRase to a 726 kb length of DNA. (b) A rectangular hyperbola given by
8. = KLg/(1+ KLg) is shown for comparison with a value of K = 588 x 10° M~ ! (dotted line).
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the association constant K, for the binding of DHFRase alone and the DHFRase--
NADPH complex to this site may be obtained using equation (14). Taking a value
of 840 » ™! for K (the mean of the values of K,,, obtained for the first and third
sets of equilibrium filter binding curves). we obtain a value of 229 x 10° M~ for Kg;.

A more rigorous assessment of the equilibrium filter binding data presented in
Figure 5 requires a least-squares analysis in which all the experimental data are
fitted simultaneously using equations (1), (10) and (11). Initially. we optimized four
parameters: the association constant Ky for non-specific binding of DHFRase
alone and in its ternary complexes with folinie acid and NADPH to pBR322 and
pWDLeB1 DNA: the association constant K, for the binding of DHFRase alone
and the DHFRase-NADPH complex to the specific site on pWDLeB1 DNA the
association constant Kg, for the binding of the DHFRase—folinic acid and the
DHFRase—folinic acid—-NADPH complexes to the specific site on pWDLeBI DNA:
and the co-operativity parameter, a, for the interactions between adjacent sites. All
the parameters were well-determined. with relative errors of less than 209, except
for the association constant Kg,. which was ill-determined. Thus, as expected from
our preliminary assessment of the data. the equilibrium filter binding curves for the
binding of DH FRase—folinic acid and DHFRase—folinic acid-NADPH complexes
to pWDLcB1 DNA can be accounted for solely by the increased length of
pWDLceBI DNA relative to pBR322 DNA, indicating that Kg; < N wprep Kn/10.
In the subsequent optimization. all terms containing K, were neglected. and the
parameters Ky, Kg, and 1 were optimized. We also carried out one further
caleulation. in which & was set equal to zero (i.e. no co-operativity) and Ky and Ky,
were optimized. The overall standard deviation of the fits. the mean absolute
correlation indices (7 (a measure of the distribution of residuals), and the values and
standard deviations of the optimized parameters are given in Table 2. The best fit
theoretical curves for co-operative and non-co-operative binding are shown in
Figure 5(a) and (b). respectively. From both Figure 5 and Table 2. it is clear that
the binding of DHFRase to DNA is a positively co-operative process. as there are
clear systematic errors for the theoretical curves with a = 0. It is also interesting
that the optimized values of Kg, for the co-operative and non-co-operative cases
and the value of Kg; obtained in the preliminary calculation are all identical within
a relative error of 109;.

The above data and analysis demonstrate the following four points.

(1) DHFRase alone and its binary and ternary complexes with folinic acid and
NADPH bind non-specifically to DN A with an association constant Ky of 509 M~ L

(2) DHFRase alone and the DHFRase-NADPH complex bind to a specific site
at or near the DHFRase structural gene on pWDLeB1 DNA with an association
constant Kg, of 366 x 10° m~ 1. The ratio of the association constant for specific
(Kg,) to non-specific (Ky) binding is of the order of 7 x 103, corresponding to a
difference in the free energy of binding of about 22 kJ mol ™.

(3) In the presence of folinic acid, the association constant for specific binding is
reduced to a value below Nowprep. Kn/10 ~ 37 x 10°m™ !, such that the
equilibrium filter binding for the binding of DHFRase—folinic acid and DHFRase-
folinic acid—=NADPH complexes to pWDLeB1 DNA can be accounted for simply by
the increased length of pWDLeB1 DNA relative to pBR322 DNA.
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TaBLE 2
Equilibrium binding parameters for the specific and non-specific interactions
of L. casei dihydrofolate reductase with DNA

Clo-operative Non-co-operative
binding binding (2 = 0)
Ky (v~ )t 366 x 10° (+0-4 x 10%) 330 x 10° (+0:5 x 10%)
K™ 509 x 10% (£ 0:3 x 10?) 847 x 10? (+0:3 x 10?)
X 500 x 103 (+0:5 x 10%) 0
Overall 5.0, of fit (%)§ 58 69
el 046 18

Values of the optimized parameters, overall standard deviation {s.0.} of the fits and mean absolute
correlation indices (%), obtained by fitting all the experimental equilibrium filter binding data for the
binding of L.casei DHFRase to pBR322 (436 kb) and pWDLcB1 (726 kb) DNA in Fig.5
simultaneously using equations (1), (10) and (11). (The 8.0. values of the optimized parameters are shown
in parentheses.)

+ Kg is the association constant for specific binding of DHFRase alone and the DHFRase-NADPH
complex to a site at or near the DHFRase structural gene (from a methotrexate-resistant strain of
L. casei) in the plasmid pWDLeBI1. Ky is the association constant for non-specific binding of DHFRase
alone and the DHFRase-NADPH, DHFRasefolinic acid and DHFRase—folinic acid-NADPH
complexes to DNA.

1 Tt will be noted that the co-operativity parameter « applies to all interactions involving adjacent
sites, including the specific site. In our preliminary optimizations, we used 2 separate co-operativity
parameters, «; to describe interactions between adjacent and non-specific sites, and o, for interactions
between the specific site and its adjacent non-specific sites (see eqn (12)). However. although the
optimized value of «;, was approximately 509, greater than that of x,. a, was determined only to within
a factor of 10. We therefore coneluded that the experimental data could not discriminate between these
interactions. Thus. in all subsequent calculations. we made no distinction between these interactions
and used only a single co-operativity parameter, x, to describe them.

§ The overall standard error of the data is 6:0+0-5%,.

|| The mean absolute correlation index ( is defined in the footnote to Table 1.

(4) Binding of DHFRase alone and its binary and ternary complexes with folinic
acid and NADPH to DNA is positively co-operative, involving interactions
between adjacent sites (including the specific site). The optimized value of the co-
operativity parameter « is 50 x 10°. Using equation (9). one can estimate that the
value for the local co-operativity parameter 8 lies between 330 and 500 on the
assumption that co-operativity extends only to the two contiguous sites on either
side of the specific site, and that the length of each binding site for DHFRase on
DNA lies in the range of 10 to 15 base-pairs (which would be expected on the basis
of the DHFRase molecular dimensions of 37 Ax30Ax45 4: D. A. Matthews.
personal communication). This range of values for 8 lies within the range of values
for the co-operativity parameter w for contiguous binding, as defined by McGhee &
von Hippel (1974), reported for other DNA binding proteins (Saxe & Revzin. 1979:
Takahashi et al.. 1979; Newport et al., 1981).

(c) General comments

A particularly important point in the analysis of equilibrium binding data is to
fit the data to a physically meaningful model. For example, if one were to measure
the number of moles of protein bound per mole of DNA, 8(Ly), as a function of the
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free protein concentration Lg, in a system with only two non-overlapping binding
sites on the DNA, 0-(Lg) would be given appropriately by a second-order Adair
equation. If, on the other hand, one were to measure the fraction. 8. of DNA to
which at least one protein molecule is bound as a funetion of L. in a system with N
overlapping non-specific sites on the DNA. it would be totally inappropriate to use
a second or higher-order Adair equation to fit the data, even though they may be
able to fit the data perfectly satisfactorily. as the parameters obtained would be
physically meaningless. Moreover, if one considered not a single equilibrium
binding curve of # versus Lg for this system. but a set of such equilibrium binding
curves obtained using the same protein but different lengths of DNA. all the
equilibrium binding curves could be fitted simultaneously using the appropriate
equation for 8(Lg) (eqns (1) and (10)) using a single parameter if non-specific
binding is non-co-operative and two parameters if non-specific binding is co-
operative. If. however, a second or higher-order Adair equation was used to fit the
same data set, each equilibrium binding curve could be fitted only individually, and
two or more parameters would be required per curve. This is illustrated by the two
examples in Figures 4 and 5. In both cases. each equilibrium binding curve can
indeed be fitted individually by a second-order Adair equation yielding two
physically meaningless parameters per curve. However, using the appropriate
equations for &(Lg) (eqns (1) and (10) for non-specific binding and equs (1) and (11)
for specific binding), only three parameters are required to fit the three equilibrium
binding curves in Figure 4, namely: the association constant Ky for non-specific
binding of EcoRI to A395(0). A401(2) and A416(5) DNA. the association constant K,
for specific binding of EcoRI to 1401(2) DNA and the association constant Kg, for
specific binding of FcoRI to A416(5) DNA. Similarly. in the case of the three sets of
equilibrium binding curves in Figure 5, only three parameters are required to fit all
the data simultaneously: namely, the association constant Ky for non-specific
binding of DHFRase alone and in its complexes with folinic acid and/or NADPH to
DXNA from the two plasmids pBR322 and pWDLeBl1. the association constant Kg,
for specific binding of DHFRase alone and in its complex with NADPH to a specific
site on pWDLcB1 DNA, and the co-operativity parameter a.

A second important point in the analysis of equilibrium binding curves for 6
versus Ly concerns the approach required to detect specific binding. It will be noted.
looking at Figure 3, that the effect of introducing a specific site on the shape of
6(Lg) is simply to reduce its steepness. As a result. it will usually be possible to fit
such a curve using equations (1) and (10) for non-specific binding by optimizing
both the association constant Ky for non-specific binding and the co-operativity
parameter x (which may be negative). It is therefore absolutely essential to obtain
data for 6 versus Ly using DNA where there is no specific binding site and only non-
specific binding occurs, and comparing this equilibrium binding curve with that
obtained using DN A with the putative specific site. If the two equilibrium binding
curves cannot be fitted using equations (1) and (10) for non-specific binding with a
single set of two parameters, Ky and x. then the presence of a specific site can be
inferred. The two equilibrium binding curves should then be fitted simultaneously
using equations (1) and (10) for the curve where only non-specific binding occurs,
and equations (1) and (11) for the curve where both specific and non-specific
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binding occur. by optimizing three parameters, Ky. x and the association constant
K for specific binding. The advantage of fitting both equilibrium binding curves
simultaneously is that they both contain information on non-specific binding. so
that the parameters describing non-specific binding, Ky and x, can be better
determined. If the equilibrium binding curves were fitted individually, it would be
necessary first to obtain values of Ky and « by fitting the equilibrium binding curve
where only non-specific binding is involved using equations (1) and (10). A value for
K would then be obtained by fitting the equilibrium binding curve involving
specific and non-specific binding using equations (1) and (11), and optimizing Kg
while holding Ky and a constant at their values obtained previously. This is
because the equilibrium binding curve involving both specific and non-specific
binding cannot by itself determine all three parameters Kg, Ky and «. whereas the
two equilibrium binding curves taken together can.

4. Discussion

In this paper we have developed the theoretical framework required for the
analysis of equilibrium binding data obtained by any method that monitors the
fraction. 8. of DNA to which at least one protein molecule is bound, as a function of
the free protein concentration Lg. The two methods that measure (L) are the
well-known nitrocellulose filter binding assay (Riggs et al., 1970: Hinkle &
(Chamberlin, 1972) and the more recent immunoprecipitation assay (McKay, 1981).
The theoretical framework is simple, and expressions for 8(Ly) are very easy to
derive and evaluate. The cases considered explicitly in this paper for which
expressions for O(Lg) are given, are the co-operative and non-co-operative
equilibrium binding of a protein to a large number of non-specific sites and to a
specific site(s) in the presence of a large number of non-specific sites. The ease with
which the theory is applied to the analysis of experimental nitrocellulose filter
binding data is illustrated in section 3 of this paper for the binding of the EcoRl
restriction endonuclease both non-specifically and to specific recognition sites on
bacteriophage A DNA, and for the co-operative binding of the enzyme
dihydrofolate reductase both non-specifically to DNA and to a specific site at or
near its own structural gene.

A number of questions, both of a theoretical and a practical nature, concerning
the use of methods that measure the quantity @ as a function of the free protein
concentration Lg, compared to methods that measure the number of moles of
protein bound per mole of DNA| §-(Lg) as a function of Ly, immediately come to
mind. and are considered below.

(a) Non-specific binding

Most studies in the literature concerning non-specific binding of proteins to DNA
have used methods that measure the quantity 6c(Lg) (see e.g. Revzin & von Hippel.
1977 Butler et al., 1977 ; de Haseth et al., 1977 ; Saxe & Revzin, 1979: Takahashi et
al., 1979 Newport et al., 1981). Analysis of such data requires the use of one of the
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formalisms to deal with the problem of overlapping sites (McGhee & von Hippel,
1974; Schellman, 1974; Schwarz, 1977: Epstein, 1978). As a consequence, three
major theoretical disadvantages of measuring f(Lg) emerge.

(1) In all the formalisms developed, 6; is an implicit variable appearing on both
the right and left-hand side of the equations (e.g. see eqn (15) of McGhee & von
Hippel, 1974). As a result, a direct solution of §c(L) as a function of Lg requires an
iterative method, which is necessarily complex. The procedure that has been used
in the literature to circumvent this problem is one in which 8. is treated as an
independent variable and the quantity 6c/Lg calculated. That is to say, the data
are manipulated into the Scatchard plot formalism. The disadvantages of such an
approach are obvious; namely, the introduction of large errors on both the abscissa
and ordinate. Moreover, as regards least-squares fitting procedures, the Scatchard
treatment is strictly speaking illegitimate, because fc is not an independent
variable but an experimental dependent variable, which varies as a function of the
independent variable L.

(2) The equations for 8./Lg contain three unknowns: the association constant K.
the site size [, and the co-operativity parameter w. However, because of the
overlapping site problem, [ and w are necessarily correlated, and consequently it is
difficult to determine all three parameters accurately.

(3) The treatment of the co-operativity parameter w is model dependent. Thus.
in the formalism of MeGhee & von Hippel (1974), w applies only to interactions
between contiguous sites.

The theoretical advantages of measuring the quantity (Lg) over measuring the
quantity 6-(Lg) now become obvious.

(1) For large values of N(> 1000) and N > /. the overlap problem is completely
avoided because § will have a value of > 0-99 for very small values of 6c (=5).
Consequently, § may be calculated explicitly in terms of Lg and no data
manipulation of the Scatchard type is required.

(2) The equations for 8 (see eqns (1) and (10)) contain only two unknowns: the
association constant K and the co-operativity parameter a.

(3) The co-operativity parameter « is essentially model independent and is also
independent of the site size I. From ., a local co-operativity parameter 8 may be
evaluated (see eqn (9)) if the distance m in base-pairs over which the co-operative
process operates is known by independent means. m may not necessarily coincide
with the site size [. If, however, one assumes that m = [, the co-operativity
parameter 8 is equivalent to the co-operativity parameter w of McGhee & von
Hippel (1974).

The disadvantage in measuring 6(Lg) is that the site size [ cannot be determined.

From a practical point of view, there are no particular advantages or
disadvantages in measuring (L) rather than 6c(Lg). as the methods for measuring
both 8(Lg) and 8c(Lg) are both relatively easy. Suffice it to say that if a distinct
change in the optical absorption or fluorescence properties of the protein under
consideration oceur on binding to DNA, then the measurement of 6c(Lg) is
significantly faster than that of 8(Lg). However, if such changes do not occur. and
one has to resort either to equilibrium sedimentation (Jensen & von Hippel, 1977:
Revzin & von Hippel. 1977) or gel filtration (de Haseth ef al.. 1977) methods to
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measure 0¢(Ly). then the measurement of (Lg) is significantly faster than that of
Be(Lg).

(b) Specific binding in the presence of non-specific binding

If binding is non-co-operative, . for the binding of a protein to x independent
specific sites with association constants Kg; in the presence of N independent non-
specific sites of equal intrinsic affinity. each with an association constant Ky, will
he given hy:

i=x K L
b= 3 <———-S‘ F)+NKNLF (16)
=1

at low saturation levels under conditions where VN is large (N > 1000) and N » /.
From equation (16) it is clear that providing Kg; > NKy/10, binding to the ith
specific site can be detected, providing an experimental method of very high
sensitivity is used. This invariably involves a method in which the protein is
radioactively labelled. Analogous methods for looking at the binding of small
radiolabelled agonists to receptors in subcellular fractions have been used with
great success (Birdsall & Hulme, 1976: Hulme et al., 1978; Birdsall et al., 1980).
However. in these cases, non-specific binding of the radiolabelled ligand is
invariably non-co-operative. In the case of protein—-DNA interactions, however.
non-specific binding is frequently co-operative (Takahashi et al., 1979; Saxe &
Revzin, 1979 : Newport ef al., 1981 : and section 3 of this paper) and, in such cases,
equation (16) will only hold if. in the formalism developed in this paper.
Kg» 2«Ky. If this condition is not fulfilled, the equations for 8¢(Lg) become
exceedingly complicated, even when appropriate approximations are made for
conditions of low saturation (6c < 5). making the analysis of experimental data
extremely difficult. In contrast, the introduction of a specific site(s) in the
equations for 8(Lg ) is easy to derive and evaluate whether binding is co-operative or
not. and does not in any way complicate the analvsis of the data.

In addition to the above theoretical advantage. the measurement of 8(Lg) also
carries an experimental advantage. The measurement of 8(Lg) only requires
radioactive end-labelling of DNA pieces with *2P: this can cause only a very minor
perturbation in the structure and properties of the DNA. The measurement of
fc(Lg). however. requires radioactive labelling of the protein, which could
potentially cause a more extensive perturbation in the structure and properties of
the protein and. in particular. may affect the DNA binding site on the protein.

We thank Sir Arnold Burgen and Dr G. C. K. Roberts for helpful discussions.
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